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© The present invention Is addressed to a method 
for making diamond workpieces which comprises the 
steps of placing in a chamber a pattern heated to an 
elevated CVD diamond-forming temperature, the pat- 
tern being the negative of the workpiece. A 
hydrocarbon/hydrogen gaseous mixture is provided 
within the chamber in the next step. The gaseous 
mixture then is at least partially decomposed in the 
chamber to form/deposit the CVD diamond layer on 
a surface of the pattern. In the final step, the CVD 



diamond layer is removed from the pattern to form 
the workpiece which possesses the surface char- 
acteristics of the surface of the pattern upon which it 
was formed. Appropriate workpieces that can be 
made in accordance with the inventive process in- 
clude convergent, divergent, and flat optical mirrors; 
nozzles, wire dies, and tubular shaped workpieces; 
curved, angular, and re-entrant shaped workpieces 
useful in grinding, cutting, wear, and other applica- 
tions; and a variety of additional products. 
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CVD DIAMOND WORKPIECES AND THEIR FABRICATION 



Background of the invention 

The present invention relates to diamond work- 
pieces and more particularly to their fabrication 
based on chemical vapor deposition technology. 

Its hardness and thermal properties are but two 
of the characteristics that make diamond useful in a 
variety of industrial components. Initially, natural 
diamond was used in a variety of abrasive applica- 
tions. With the ability to synthesize diamond by 
high pressure/high temperature (HP/HT) techniques 
utilizing a catalyst/sintering aid under conditions 
where diamond is the thermally stable carbon 
phase, a variety of additional products found favor 
in the marketplace. Polycrystalline diamond com- 
pacts, often supported on a tungsten carbide sup- 
port in cylindrical or annular form, extended the 
product line for diamond additionally. However, the 
requirement of high pressure and high temperature 
has been a limitation in product configuration, for 
example. 

Recently, industrial effort directed toward the 
growth of diamond at low pressures, where it is 
metastable. has increased dramatically. Although 
the ability to produce diamond by low-pressure 
synthesis techniques has been known for decades, 
drawbacks including extremely low growth rates 
prevented wide commercial acceptance. Recent 
developments have led to higher growth rates, thus 
spurring recent industrial interest in the field. Addi- 
tionally, the discovery of an entirely new class of 
solids, known as "diamond like* 1 carbons and hy- 
drocarbons, is an outgrowth of such recent work. 

Low pressure growth of diamond has been 
dubbed "chemical vapor deposition" or "CVD" in 
the field. Two predominant CVD techniques have 
found favor in the literature. One of these techiques 
involves the use of a dilute mixture of hydrocarbon 
gas (typically methane) and hydrogen wherein the 
hydrocarbon content usually is varied from about 
0.1% to 2.5% of the total volumetric flow. The gas 
is introduced via a quartz tube located just above a 
hot tungsten filament which is electrically heated to 
a temperature ranging from between about 1750* 
to 2400 *C. The gas mixture disassociates at the 
filament surface and diamonds are condensed onto 
a heated substrate placed just below the hot tung- 
sten filament The substrate is held in a resistance 
heated boat (often molybdenum) and heated to a 
temperature in the region of about 500* to 
1100/C. 

The second technique Involves the imposition 
of a plasma discharge to the foregoing filament 
process. The plasma discharge serves to increase 
the nucleation density, growth rate, and it is be- 



lieved to enhance formation of diamond films as 
opposed to discrete diamond particles. Of the plas- 
ma systems that have been utilized in this area, 
there are three basic systems. One is a microwave 

5 plasma system, the second is an RF (inductively or 
capacitively coupled) plasma system, and the third 
is a d.a plasma system. The RF and microwave 
plasma systems utilize relatively complex and ex- 
pensive equipment which usually requires complex 

io tuning or matching networks to electrically couple 
electrical energy to the generated plasma. Addi- 
tionally, the diamond growth rate offered by these 
two systems can be quite modest 

Heretofore. CVD diamond has been coated 

75 onto tungsten carbide or other substrates to make 
cutting tool inserts (U.S. Pats. Nos. 4,707,384 and 
4,731,296) or co-deposited with boron or another 
element for making semiconductors (e.g. EP Pub- 
lications Nos. 286,306 and 282,054). 

20 

Broad Statement of the Invention 

The present invention takes advantage of the 
fact that CVD diamond coatings can be deposited 

25 on complicated surface shapes relatively readily. 
Moreover, the diamond surface adjacent the sub- 
strate upon which the CVD diamond layer is de- 
posited has been found to exhibit the surface 
qualities of the surface of the substrate upon which 

30 such layer was deposited. Both of these, as well as 
other discoveries make it possible to fabricate 
three-dimensional diamond workpieces for a variety 
of applications. Accordingly, the present invention 
is addressed to a method for making diamond 

36 workpieces which comprises the steps of placing in 
a chamber a pattern heated to an elevated CVD 
diamond-forming temperature, the pattern being 
the negative of the workpiece. A 
hydrocarbon/hydrogen gaseous mixture is provided 

40 within the chamber in the next step. The gaseous 
mixture then is at least partially decomposed in the 
chamber to form/deposit the CVD diamond layer 
on a surface of the pattern. In the final step, the 
CVD diamond layer is removed from the pattern to 

45 form the workpiece which possesses the surface 
characteristics of the surface of the pattern upon 
which it was formed. Appropriate workpieces that 
can be made in accordance with the inventive 
process include convergent, divergent, and flat op- 

50 tical mirrors; nozzles, wire dies, and tubular shaped 
workpieces; curved, angular, and re-entrant shaped 
workpieces useful in grinding, cutting, wear, and 
other applications; and a variety of additional pro- 
ducts. 

Advantages of the present invention include the 
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ability to custom fabricate diamond workpieces. 
Another advantage is the ability to fabricate such 
custom workpieces reproduceably. A further advan- 
tage is the ability to fabricate workpieces that ex- 
hibit a desired surface characteristic, be it smooth, 
textured, or the like. These and other advantages 
will be readily apparent to those skilled in the art 
based upon the disclosure contained herein. 

Brief Description of the Drawings 

Figs. 1-3 depict TrT simplified form the method 
for making a convergent, fiat, and divergent op- 
tical element or mirrors; 

Fig. 4 depicts in simplified form the method for 
making a diamond nozzle workpiece; 
Fig. 5 shows a cross-section and plan view of a 
pattern at A and B with the resultant cross- 
section of the diamond workpiece shown at C; 
and 

Fig. 6 shows the cross-section of a diamond 
workpiece exhibiting complex re-entrant configu- 
ration. 

The drawings will be described in detail in 
connection with the description that follows. 

Detailed Description of the Invention 

Conventional high pressure/high temperature 
techniques utilized in the production of diamond 
crystals and potycrystalline diamond compacts 
necessarily are limited to configurations compatible 
with necessary high pressure utilized in their for- 
mation. Accordingly, cylindrical polycrystalline dia- 
mond compacts typically are produced and then 
machined (e.g. electrical discharge machining or 
the like) to an intermediate or final product configu- 
ration. Complex product shapes are difficult to pro- 
duce by such techniques. Chemical vapor deposi- 
tion techniques, however, are not so-limited since 
the diamond is grown/deposited from a gaseous 
mixture directly onto a heated substrate. The heat- 
ed substrate or pattern for present purposes, can 
have virtually any shape since the gaseous mixture 
can be directed onto the entire pattern or just 
portions thereof. 

Of course, deposition of CVD diamond onto 
complicated shapes has been proposed in the 
past however, such proposals were formulating a 
supported diamond product In contradistinction, 
the present invention employs a process analogous 
to conventional molding processes wherein a pat- 
tern or core is used in shaping a product, but then 
is removed and is not part of the final product The 
pattern upon which the CVD diamond layer is 
deposited/grown in the present invention is re- 
moved from the CVD diamond layer, thus produc- 
ing a three-dimensional diamond workpiece of de- 
sired configuration. It will be appreciated that not all 



of the pattern need be removed as some work- 
pieces may require that some portion of the dia- 
mond layer be laminated or attached to the pattern 
upon which the layer was grown/deposited. In this 

5 respect the diamond workpiece also could be re- 
supported following removal of the pattern. For 
example, the diamond workpiece may be inserted 
into a machined recess, metal may be deposited 
on an exposed surface of the diamond workpiece 

10 for providing a support to the workpiece or for use 
in attaching the workpiece, etc. With the ability to 
produce three-dimensional diamond workpieces, a 
variety of product configurations and application 
processing schemes now are possible and will be 

is developed in the art. 

With respect to conventional CVD processes 
useful in the present invention, 
hydrocarbon/hydrogen gaseous mixtures are fed 
into a CVD reactor as an initial step. Hydrocarbon 

20 sources can include the methane series gases, e.g. 
methane, ethane, propane; unsaturated hydrocar- 
bons, e.g. ethylene, acetylene, cyclohexene, and 
benzene; and the like. Methane, however, is pre- 
ferred. The molar ratio of hydrocarbon to hydrogen 

25 broadly ranges from about 1:10 to about 1:1,000 
with about 1:100 being preferred. This gaseous 
mixture optionally may be diluted with an inert gas, 
e.g. argon. The gaseous mixture is at least partially 
decomposed thermally by one of several tech- 

30 niques known fn the art One of these techniques 
involves the use of a hot filament which normally is 
formed of tungsten, molybdenum, tantalum, or al- 
loys thereof. U.S. Pat No. 4,707,384 illustrates this 
process. 

36 The gaseous mixture partial decomposition 
also can be conducted with the assistance of d.c. 
discharge or radio frequency electromagnetic radi- 
ation to generate a plasma, such as prosposed in 
U.S. Pats. Nos. 4,749,587, 4,767,608, and 

40 4,830,702; and U.S. Pat No. 4,434,188 with respect 
to use of microwaves. The substrate may be bom- 
barded with electrons during the CVD deposition 
process in accordance with U.S. Pat. No. 
4,740,263. 

45 Regardless of the particular method used in 
generating the partially decomposed gaseous mix- 
ture, the substrate is maintained at an elevated 
CVD diamond-forming temperature which typically 
ranges from about 500* to 1100* C and preferably 

so in the range of about 850* to 950 "C where dia- 
mond growth is at its highest rate in order to 
minimize grain size. Pressures in the range of from 
about 0.01 to 1000 Torr, advantageously about 
100-800 Torr, are taught in the art with reduced 

55 pressure being preferred. Details on CVD pro- 
cesses additionally can be reviewed by reference 
to Angus, et at, "Low-Pressure. Metastable Growth 
of Diamond and 'Diamondlike* Phases", Science, 
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vol. 241, pages 913-921 (August 19. 1988); and 
Bachmann, et aJ., "Diamond Thin Rims", Chemical 
and Engineering News , pp. 24-39 (May 15, 1 989). 

With respect to the pattern, it will be appre- 
ciated that the materials of construction necessarily 
must be stable at the elevated CVD diamond- 
forming temperatures required by the CVD pro- 
cessing employed. Accordingly, appropriate materi- 
als include, for example, metals (e.g. tungsten, 
molybdenum, silicon, and platinum), alloys, ceram- 
ics (e.g. silicon carbide, boron nitride, aluminum 
nitride), glasses, and carbon (e.g. graphite). Pat- 
terns of mixed composition also may be utilized as 
is necessary, desirable, or convenient The materi- 
als can be shaped to form the pattern by a variety 
of conventional techniques which need no further 
elaboration here. Suffice it to say that the surface 
or surfaces of the pattern upon which the CVD 
diamond layer is to be grown/deposited will have a 
configuration that is the negative of the desired 
workpiece. The thickness of the CVD diamond lay- 
er laid down can be uniform or selected areas can 
be made thicker than others by techniques well 
known in the art. Thicknesses as thin as 1 microm- 
eter on up to 2000 micrometers or more can be 
laid down, depending on processing conditions and 
most importantly upon time. Thicknesses for a self- 
supporting structure are required, though such thic- 
knesses need not be self-supporting in use as a 
backing or support can be attached to the diamond 
workpieces as noted above. 

Once the desired thickness of CVD diamond 
has been grown/deposited on the pattern, the pro- 
cess is terminated and the part removed from the 
chamber. The pattern to be removed can be 
etched or dissolved, removed by grinding or like 
abrading techniques, or by similar processes. With 
certain configurations and certain materials of con- 
struction for the pattern, it may be possible for the 
diamond layer to simply be separated by hand 
from the pattern by a combination of geometry and 
difference in coefficient of thermal expansion. As 
noted above, some portions of the pattern may be 
retained and selective removal practiced. On occa- 
sion, it may be desirable to deposit or attach a 
backing material to the exposed diamond layer 
prior to removing the pattern. These and other 
processing variations ail are possible due to the 
flexibility designed into the process of the present 
invention. 

With respect to the possibles of workpieces 
that have been made in accordance with the 
present invention, reference is made to the draw- 
ings. Fig. 1 shows the cross-section of three dif- 
ferent silicon patterns wherein surfaces 10, 12, and 
14 have been ground, polished, and figured to 
optical mirror quality. Materials other than silicon 
may be used, as those will appreciated based upon 



the disclosure contained herein. At Fig. 2, CVD 
diamond layers 16, 18, and 20 have been 
grown/deposited on surfaces 10. 12, and 14, re- 
spectively. It will be seen that the upper surfaces of 
5 these CVD diamond layers exhibit a rough cry- 
stalline texture. At Rg. 3, the silicon ingots have 
been dissolved with an etch, e.g. "white etch" (3 
wt-parts nitric acid and 1 wt-part hydrofluoric acid) 
to free CVD diamond layers 16. 18, and 20. thus 

io revealing mirror surfaces 22, 24, and 26, respec- 
tively. Optical surface 22 is concave, optical sur- 
face 24 is piano, and optical surface 26 is convex. 
Surfaces 22, 24, and 26 mimic the quality of sur- 
faces 10. 12. and 14. respectively. Optical element 

is 18 has been made from a 5.08 cm (2 in) diameter 
silicon ingot that was 1 mm thick. Optical element 
24 was 0.5 mm in thickness. Because of diamond's 
high melting point (3727* C) and high thermal con- 
ductivity, such diamond mirrors have figure of merit 

20 for resistance to damage by lasers that is signifi- 
cantly greater than the figure of merit of mirrors 
made from other materials. 

Referring to Fig. 4, a diamond nozzle is seen 
to be made by the deposition of CVD diamond 

26 layer 28 on molybdenum mandrel 30. Upon etching 
the molybdenum, diamond nozzle 28 as shown at 
Rg. 4B results. As a demonstration. 150 microns (6 
mils) of CVD diamond were deposited on a 4 mil 
molybdenum wire held at 900* C. Nitric acid was 

30 used to etch the molybdenum mandrel, thus result- 
ing in a 4 mil diameter tube of bailas diamond with 
a smooth circular internal surface as shown at Rg. 
4B. It will be appreciated that there is virtually no 
restriction of the size of the hole that can be made 

35 in creating annulus 28. For that matter, an array of 
apertures can be made by starting with an array of 
mandrels instead of just a single one as shown at 
Rg. 4. 

Referring to Rgs. 5A and 5B a stepped or 

40 grooved pattern is shown made from molybdenum 
wherein the identical grooves in a regular square 
pattern 5 mm apart were machined into the molyb- 
denum substrate. As representative of such 
grooves, groove 32 has a width of 0.03 inch, is 

45 0.013 inch deep, and is spaced 5 mm center-to- 
center from adjacent grooves. The thickness of the 
ungrooved portion of the pattern was 3.81 mm 
(0.15 in) in thickness. Upon removal of the molyb- 
denum pattern, diamond workpiece 34 as shown at 

so Rg. 1C was recovered. Sections of workpiece 34 
have been brazed to carbide substrates for produc- 
tion of cutting tools. Based on this work, it is 
apparent that zig-zag, curved, and other cross- 
sectional shapes can be made by suitable prepara- 

55 tion of the pattern substrate. 

In another experiment CVD diamond was de- 
posited on a 1 1/4 inch diameter by 0.03 inch thick 
graphite disk after which the graphite disk was 
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removed. CVD diamond workplace 35 as depicted 
at Rg. 6 was recovered. It will be observed that 
one surface of the graphite disk was covered as 
well as the sides. Only a portion, however, of the 
reverse disk surface was covered with the diamond s 
to result in a complex re-entrant diamond layer 
shape. 

It will be appreciated that before or after the 
pattern Is removed, metal, for example, can be 
deposited by CVD or other techniques onto an 10 
exposed surface of the CVD diamond workplace for 
providing a backing and/or means of attachment 
(e.g. by brazing or the like) to another substrate 
material. As described above, any one of the dia- 
mond workplaces illustrated in the drawings addi- 75 
tionally could be attached to carbide or other sub- 
strate material to form segments or tools useful in 
a variety of applications. Further, it will be recog- 
nized that the workpiece configuration set forth in 
the drawings merely are illustrative of the myriad of 20 
workplaces that can be fabricated in accordance 
with the precepts of the present invention. 

All citations herein are expressly incorporated 
by reference. 

25 

Claims 

1. A method for making a three-dimensional dia- 
mond workpiece which comprises: 

(a) placing in a chamber a pattern heated to 30 
an elevated CVD diamond-forming tempera- 
ture, said pattern being the negative of said 
workpiece; 

(b) providing a hydrocarbonyhydrogen gas- 
eous mixture within said chamber; 35 

(c) at least partially decomposing said gas- 
eous mixture in said chamber to form a 
CVD diamond layer on a surface of said 
pattern; and 

(d) removing said pattern from said CVD 40 
diamond layer to form said diamond work- 
piece which possesses the surface char- 
acteristics of the surface of the pattern upon 
which it was formed. 

45 

Z The method of claim 1 wherein the molar ratio 
of hydrocarbon to hydrogen in said gaseous 
mixture ranges from between about 1:10 and 
1:1.000. 

60 

3. The method of claim 2 wherein said gaseous 
mixture additionally comprises an Inert gas. 

4. The method of claim 1 wherein said pressure 
ranges from between about 0.01 and 1.000 55 
Torr. 

6. The method of claim 1 wherein said annulus is 



heated to a CVD diamond-forming temperature 
ranging from between about 500* and 
1100' C. 

6. The method of claim 1 wherein said hydrocar- 
bon of said gaseous mixture comprises meth- 
ane. 

7. The method of claim 1 wherein said pattern is 
manufactured from metal, an alloy, a ceramic, 
or carbon. 

8. The method of claim 1 wherein said formed 
CVD diamond layer ranges in thickness from 
between about 1 and 2000 micrometers. 

9. The method at claim 1 wherein the surface of 
said pattern upon which said CVD diamond 
layer is formed has been finished to optical 
mirror quality. 

10. The process of claim 1 wherein the surface 
upon which said CVD diamond layer is formed 
is cylindrical. 

11. The method of claim 1 wherein said removed 
CVD diamond layer is attached to a support. 

12. The method of claim 11 wherein said support 
is a metal, an alloy, or a ceramic. 
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